and Maxwell, 1996). GyrA-CTD should present the T GyrA, calculated from the Guinier approximation, was 54.8 ± 1.5 Å. Its estimation from the second moment of segment over the G segment, forming a positive crossover that will be inverted upon the passage of the T the pair distribution function p(r) simulated annealing to build a locally "chain-compatiHere we present the low-resolution structure of fullble" model, with a 3.8 Å separation between dummy length GyrA. Sedimentation velocity experiments esresidues, inside a spherical search volume. The result is tablish the dimeric state of GyrA in solution. Ab initio a three-dimensional arrangement of scattering centers modeling allows us to retrieve the global structure of that reproduce the one-dimensional scattering curve in GyrA from small-angle X-ray scattering (SAXS) experiaccord with the experimental data ( Figure 2 ). As this ments in solution. It reveals a distinctive molecular eninverse scattering problem has no unique solution, sevvelope for GyrA-CTD, which accommodates very well eral independent models are built and compared to anits high-resolution model built from a homologous crysalyze the convergence of the structures. tallographic structure. The unexpected position of the We first attempted to retrieve the global structure of CTDs within GyrA provides an important clue toward GyrA from SAXS in solution with Gasbor. All dummy the understanding of the holoenzyme mechanism and residues were refined and a 2-fold symmetry was conhow it is distinct from that of other topoisomerases. strained as implied by the analytical ultracentrifugation results. Twenty independent runs did not converge toResults ward a unique solution, nor toward several subpopulations, but rather gave a range of shapes (Figures 3A-Analytical Ultracentrifugation 3C). The normalized spatial discrepancy (NSD) ranged Velocity experiments revealed that, in solution, GyrA is from 1.6 to 2.7 after realignment of the models. NSD a dimer. The sedimentation profiles were directly modprovides a quantitative estimate of the similarity beeled in terms of a continuous distribution of discrete tween two models: a lower value corresponds to a betand noninteracting species. A typical set of experimenter overlap and a value of around one indicates a good tal profiles and modeling is shown in Figure 1A , for the agreement. However, the average model ( Figure 3D ), interference data at a protein concentration of 0.9 mg/ representing the common structural features of all the ml. The corresponding sedimentation-coefficient distrireconstructions, was an oblate ellipsoid large enough bution c(s) is represented in Figure 1B with the results to accommodate the GyrA59 structure in its middle obtained at 0.3 and 3.6 mg/ml. GyrA was found to sediwith additional density on both sides. The average ment essentially as a single species: the main peaks in model also showed a small hole in its center, reminisc(s) accounted for 96% of the total cell contents and cent of the GyrA59 cavity. 86% for the lowest protein concentration. Its sediBecause of these common features, we reconmentation coefficient (s) varied between 4.95 and structed the GyrA solution structure with Credo that al-5.28 S, slightly increasing when the protein concentralowed fixing the GyrA59 residues to their C α crystallotion decreased. The s value extrapolated at zero protein graphic position and to refine only the GyrA-CTD concentration was 5.25 ± 0.1 S at 6°C, giving an s°2 0,w residue positions, still constraining a 2-fold symmetry. of 8 S when normalized to water at 20°C. Assuming a Fourteen independent models were built. We calcupartial specific volume of 0.74 ml/g, this sedimentation lated the NSD between each pair of models, without coefficient corresponds to a 194 kDa dimer with a hyrealignment, to analyze their discrepancy and to select drodynamic radius (R H ) of 55.7 ± 1 Å. As the minimal the most typical model (number 0), i.e., the model with R H value is 38 Å for the filled sphere with the same lowest deviation from the others. The reconstruction mass and density, and 43 Å for the hydrated sphere converged toward a structure (Figure 4 ) with a distinc-(0.3 g of water per gram of protein), it implies that GyrA tive pear shape for the two GyrA-CTDs, on both sides is not globular, but elongated or has cavities. of GyrA59 and with a large interaction surface. The added density for each CTD began at the carboxyl-end of GyrA59 (green residues in Figure 4) , which was not Small-Angle X-Ray Scattering The intensity scattered by GyrA in solution was cola modeling constraint. Surprisingly, the main part of the CTD lay in the lower part of the full protein, with the lected over the momentum transfer range 0.008 < q < 0.78 Å -1 , corresponding to a real distance range of convention of the active site facing upward (yellow residues in Figure 4A ). This position is unexpected because 762 > r > 8 Å (Figure 2) . The radius of gyration (R g ) of GyrA59, which is physically impossible. During the simulated annealing, Credo might have selected an enantiomorph state for the free dummy residues (and not for the fixed ones), yielding these four models. Rather than outliers, we considered them as "pseudo-enantiomorphs," and hence supporting the consensus structure.
Discussion

Ab Initio Modeling
During the ab initio reconstruction of the GyrA structure, we applied two constraints. First, GyrA was assumed to be a dimer in solution and a 2-fold symmetry constrained both Gasbor and Credo searches. Crosslinking experiments indicated GyrA to be a dimer (Klevan and Wang, 1980). Our analytical ultracentrifugation experiments show that unmodified GyrA sediments in solution as a single species, a dimer. As the GyrA59 carboxyl ends are at the far edges of the molecule, the 2-fold symmetry of its crystal structure is quite likely to be preserved within the full-length GyrA. Second, GyrA59 was assumed to conserve its crystallographic structure within the full-length GyrA in solution for the Credo searches. If the common structural features of the Gasbor models could suggest an intact GyrA59 structure in the middle of the GyrA density, the discrepancy of these models makes this support uncertain. However, cross-linking experiments on both GyrA59 dimer interfaces showed that GyrA59 remained dimeric in solution and that the locked gate mutants were able to bind and cleave DNA Maxwell, 1999a, 1999b) . These results support our second assumption.
The first attempt to reconstruct the global structure of GyrA with Gasbor failed to converge toward a consensus shape. As all the residues (874 per monomer) were free, it could result from too many possibilities of arranging them into the search volume. GyrA being an elongated protein also increases the search volume compared with a globular protein of the same mass. In Table 1 ) were about 1.9, indicating a good simHowever, a different low-resolution structure was obtained from early electron microscopy: GyrA was found ilarity with the reference model. All these values remained lower than those of the three outliers. The to be a dimer with a "V" shape of about 210 Å in width and 120 Å in height (Kirchhausen et al., 1985) . This corresponding overall NSD values were much less informative as they include the enantiomorph mate of shape, much more extended than ours, was until now Figure 6 ). The hythe two CTDs, not lying on its side as in our compact conformation, but apart, above the active-site level. We drophobic patches are also mainly preserved through the sequences. The GyrA-CTD sequence from E. coli built such an extended model by rotating both CTDs from our compact model around the carboxyl-ends of fits well to the 6-bladed β pinwheel fold, without any serious clashes ( Figure 7B ). Moreover, its surface GyrA59 (Figure 2 ) and we calculated its hydrodynamic and scattering properties. This extended conformation shows a similar charge distribution ( Figures 7C-7E ): the β pinwheel faces are mainly negatively charged and alwould yield an s value of 4.5 S and an R H of 65 Å at 6°C, which differ by 15% from our analytical ultracenmost all its rim is highly positively charged. For the B. burgdorferi structure, two thirds of this rim surface trifugation results. As Figure 2 shows, its scattered intensity and pair distribution function would also be are also positively charged, but the remaining third, consisting of blades 2-3, is more negatively charged. clearly different from our experimental data. This extended conformation might be due to the sample prepHowever, two loops before strands C1 and C2, which were not seen in the crystallographic structure (Figure aration for the electron microscopy: the protein was dried onto a surface and platinum shadowed or 6), are positively charged and could invert the charge distribution of the blade 2-3 surface. stained. On the other hand, we performed our experiments in solution, with a solvent composition close to In our solution structure built by Credo, two pearshaped densities flank the dimeric GyrA59 core (Figure physiological, and found only compact conformations and none of our models showed such an extended con-4). Each one can account very well for a GyrA-CTD monomer. This rules out the possibility of our SAXS formation. Interestingly, this raises the possibility of a conformational change of GyrA, which we shall disdata being the result of multiple and coexisting conformations for GyrA. For such a mixture, the structure recuss later. stored by the ab initio reconstruction would indeed be an average of these conformations. The added density Position of GyrA-CTD within GyrA Structure A high-resolution structure of GyrA-CTD from E. coli would be distributed over the conformations and could not account for an intact GyrA-CTD. Given its shape, was built by homology modeling using the recent struc- shows that GyrA is a dimeric and nonglobular protein.
Gnom also provides the distance distribution function p(r) of the Ab initio modeling from small-angle X-ray scattering re- well a GyrA-CTD monomer built from a homologous
